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SUMMARY

A programtoinvesti~tetheaerodynamicheattransferofa non-
isothemalhemisphere-cylinderhasbeenconductedintheIangleyU-inch
hypersonictunnelata Machnumberof6.8anda Reynoldsnmiberfrom
approximately1.09x 105to1.03x 106basedondiameterandfree-stream
conditions.Theexperhentalheat-transfercoefficimtswereslightlyless
overthewholebodythanthosepredictedbythetheoryofE%ineandWanlass
(NACATechnicalNote334-4)foranisothermalsurface.Forstationswithin
45°of the stagnationpointtheheat-transfercoefficientscouldbecor-
relatedbya singlerelationbetweenlocalStantonnuuiberandlocal
Reynoldsnuniber.

PitotprofilestakenataMachnwiberof6.8ona hemispherecylin-
derhaveverifiedthatthelocall&chnuniberorvelocityuutsidethe
boundarylayerregyiredinthetheoriesmaybe computedfrmnthesurface
pressuresbyusingisentropicflowrelationsandconditionsimmediately
behinda normalshock.Theexperimentalpressuredistributionata Mach
numberof6.8iscloselypredictedbythemodifiedNewtoniantheory.The
velocitygradientscalculatedbyusingmodifiedNewtoniantheq atthe
stagnationpointvarywithhch nw.iberandareingoodagreementwith
thoseobtainedfrommeasuredpressuresforMachnwibersfrom1.2to6.8.

Atthestagnationpoint,thetheoryofSibulkin,usingthediameter
andconditionsbehindthenormalshock,wasingoodagreementwiththe
experimentwhenthevelocitygradientatthestagnationpointappropriate
tothefree-streamMachnuniberwasused.

heat

INTRODUCTION

Oneoftheearlieste~rimentalinvestigationsinconnectionwith
transferona hemisphere-cyhderatsupersonicspeedswascarried
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outbyEber(ref.1)whoobtainedthe“brake”temperaturedistribution
alongthesurface.Thesebrakeoreffectiverecoverytemperatures
decreasedwithincreasingdistancefromthestagnationpointonthe
hemisphereandwereinfluencedbythefree-streamMachnuuiber.Korobkin
(ref.2)andE%ineandWanlass(ref.3)showthesametypeofdistribu-
tionsand>inadditionjdemonstratethatforthehemisphere-cylinder
witha lsminarboundarylqyertherecoveryfactorqr msybe~ressed
“bythesquarerootofthePrandtlnuniberbasedonthelocalconditions
justoutsidetheboundarylayer.

StaiderandNielsen(ref.4)comparedtheaverageheattransfer
(Nusseltnunber)withReynoldsnumberfordifferentMach.nuuibersand
foundthat) intheirexperiments>dataatsubsonicandlowsupersonic
Machnuuiberscouldbecorrelatedwhenthesupersonicdatawerebasedon
conditionsbehindthenormal.shock.Experimentalinvestigationsofthe.
localheattransferona hemisphere-cylinderhavebeenmadebyKorobkin
(refs.2 and5)andE%- andWanlass(ref.3). StineandWanlass
noticedthat>asthefree-streamMachnuniberwasincreased,thepressure
distributionsweretendingtowarda cmmoncurveandsuggestedthatthe
heat-transferresultstheyobtainedataMachnuuiberof1.97couldbe
representativeofthoseobtainedonsimilarisothemalsurfaceswith
ladnarbouudarylayerforMachnuuibersgreaterthan1.97andoftempera-
tureslessthanthatofdissociation.Althoughthtstendencyiscorrect}
a Machnumberof1.97isprobablytoolow.

Sometheoreticalmethodsforobtaininglocalheattransferona
hemisphere-cylinderatsupersonicspeedshave,astheirbasesthesolu-
tionsofincompressibleflowonisothermalsurfaces.Anexactincom-
pressiblesolutionutilizinga methodappliedbyS@re (presentedin
ref.6)toa cyhder wasgivenby Sibulkininreference7fortheheat
transferatthestagnation&oint.Sibul.kinsuggestedthatthissolution
maybeapplicableatsupersodcspeedswhenconditionsbehindthenormal
shockareused.Anapprodmatesolutionwasderivedforinc

7
ressible

flowovera hemispherewithanisothermalsurfacebySibulk.inpresented
inref.2)byassumingthatthevelocityandtemperatureprofileswere
similarandofparabolicshape.Korobkin(ref.2)cmparedthesetheo-
reticalresultswithhisdataata Machnuuiberof2.80andfoundthat,
whentheincompressible-flowsolutionwasadjustedsoastopassthrough
Sibulkin’sstagnation-pointvalue}itroughlyapproximatedthedata.
However}thisresultdoesnotagreewiththetheorybyStineandWanlass
(ref.3) whouseda differentapproach.ByusingtheManglertransforma-
tion}theStewartsontransformationandthermalsol@ionstotheFalJmer-
Skanwedge-flowproblemjtheyevaluatedtheheat-transferrateinaxisym-
metricflowfw anisothermalsurfaceintermsoftheknownheat-transfer
rateinanapproximatelyequivalenttwo-dimensionalflow.

Thepurposeofthisinvestigationwastoextendtherangeofthe
previousinvestigationsforheattransferonhemisphere-cylinderstoa
Machnumberof6.8.Thisinvestigationutilizeddatafromtransient
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nonisothermaltempemturedistributionssince,atthehightemperature
levelsinvolved,anisothermalsurfaceisdifficulttoobtain.

SYMBOLS

speedofsound“

semihemisphericalarclength

specificheatofmodelwallmaterial

specificheatofairatconstantpressure

specificheatofairatconstantvolume

diameter .

localaerodynamicheat-transfercoefficient,.&

k

%

L

M

Nu

Pr

P

q

Re

r

St
.

..

thermalconductivityfor

thermalconductivityfor

a characteristiclength

Machnumber,u~a

Nusseltnumber,hL/k

Prandtlnmiber,~Fp

air

model

pressure

()

a~heatflowtomodelperunitarea,-k—
h.

puLReynoldsnumber,—

radius

Stantonnmiber
justoutside

P

basedon x andlocalfree-streamconditions
boundarylayer,E%= Nu&@r =h/p~
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T absolutetemperature

u velocity

x distancealongbcdygeneratorfromstagnationpoint

Y spacecoordinatenormaltobody

z distancealongcyl=er fromjuncture

P
auvelocity*ent alongstiace~z

E emissivi~
~-T1

~r recoveryfactor,
%-’%

.
e anglefromstagnationpetitonsphere

P absolk&eviscosi~

v kinematicviscosity

E angle about axisofmodel

P massdensi~ofati

Pm massdensi~ofmodelshellmaterial

u Stephen-Boltzmannconstant

T thle

Subscripts:

a conditionofmodel’ssurroundings

D parameterbasedonstaticconditionsimmediatelybehtndnormal
shockandwithmodeldiameterasa characteristiclength

h pitottribebeldndbowshock

i notcorrectedforheatconductionalongmodelskin

in localc-itionm insidesurfaceofmodelshell

L parsmeterusingL aschsmacteristiclength

r recovery,surfacetemperature

*

1.

. .
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k
a localconditionsonoutsidesurfaceofmodel

t stx+qationconditions
. ,.

x paremeterbasedonstaticconditionsjustoutside
bouuderylsyerandwith x ascharacteristiclength

a staticconditionsimmediatelybehhdnormalshock

1 localconditionsjustoutsideboundarylqyer

.

.

m undisturbedfree-stresmconditions

APmwrus

Tunnel

Yhepresenttivestigationwasconductedh theLangleyU-inch
hypersonictunneldescribedtireferences8 and9. Airisstoredat
50atmospherespressureandisreleasedthroughanadjustablepressure
regulatingvalveanda newdirectatiheaterwithtuberesistanceelements
ofnickel-chromiumalloy(replacingthestorageheaterdescribedin
refs.8 and9)tothesettlingchsmberandnozzle.A tWO-d.iUleIM3iOIld.
nozzleconstructedofEwarand.designedforaMachnumberof7 wasused
forthisinvestigation.- wasusedintheconstructionofthis
nozzleinordertoalleviatethedeflectionofthefirstminimm,which
occurredinthesteelnozzlebecauseofd~ferentialheatingofthe
nozzleblocks.RrelindnarycalibrationshavetiicatedaMachnmnber
of6.86~ O.& at30atmospheresstagnationpressureh thecentralcore
ofUJM?ormflowwhichmeasuresabout~ inches
byabout6 inchesinthehorizontaldirection.

TunnelConditions

iutheverticaldirection

Duringtheteststhetunnelwasoperatedthrougha stagnation-
temperaturerangefrom1,@OO R to1,1600R andthrougha stagnation-
pressurerangefrom10to31atmospheres.Thefree-streemReynolds
numbers(basedonbodydiameter)wereintherangefroma~roximately
3.4x ld to1.03x 106. ThecalibratedtunnelMachnumberatthemodel
nosewasusedtocorrelatethedata.lhthesetests,themodelnosewas
approximately6 inchesaheadofthecenterofthetestsection.AtthiS
point, the tunnel calibrationgivesaMachnmnberof6.82fora stagna-
tionpressureof31atmospheres,whichameeswithvaluesobtainedfrom
pressuresatthenoseofthepressuremodel.Asthepressuredecreases,

—...—- .-— ——— —— _ .—.- ——. —.-. —
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theMachnumberalso
nationpressure,the
centerliueis6.74.

Thetemperature
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decreasesslightly,sothat,at10atmospheresstag-
Machnumber6 fichesaheadofthetest-section

hstrumentation

measurementshcludedstagnationtemperatureand
tiel skint-&mperature.Thestagnationtemper~turewas=asuredby
shieldedthermocouplesdistributedatvariousstationsinthesettling
chamber.

Thepotentiometersusedforrecordingthemodeltemperatureshowing
greatesttransientrateofchangewerecyclicprinterswitha l-second
interval,andwitha l-secondfull-scaleresponse.h ordertoreduce
uncertatitiesassociatedwiththetimeresponseoftherecordjnginstru-
ments,thethermocouplesonthespherewereconnectedtobereadh order
ofdecreas~temperatureaboutthespherefromstation1 tostation11.
Thetemperatureatstation1 wasrecordedtwtcetoallowtimeforbal-
ancingoutthelargetemperaturechamgebetweenstations1 andU.. Four
instrumentswereconnectedtoreadthetemperaturesofthefirst11ther-
mocouplesh thismannerandweresynchronizedsothateachthermocouple
wasreadonceeach3 secondsbyoneofthepotentiometers.

Modelsurfacepressureswererecordedonfilm~ theevacuated
capsuleinstrumentsdescribed-“hreference8. Themotionofa diaphragm
rotatesa smallndrrortodisplacethetraceofa lightbeamfallingon
a movingfilm.B?essurecellswerechosentogiveasnearfull-scale
deflection.aspossibleforthemeasur~station.Thestagnationpres-
surewasmeasuredwithhigh-accuracyBourdontubegages.

Schl.ieren*stem

Twoschlierensystm wereusedh thisinvestigation.Onesystem
a s-e-pass,verticalZ-lightpathwitha horizontal.knifeedge,
theother,a double-passhorizontallightpathwiththelightsource
cut-offlmifeedgeatthecenterofcurvatureoftheconcavespheric&1.

*or. Thedouble-passsystemwasusedonlywhengreatersensiti%ty
wasneededforboundary-layerstudy.Filmexposureswereofapproximat+y
3 microsecondsduration.

Models

Thefourmodelsusedh thisinvestigationareshowninfigures1 d
end2. Thepressure-distr~butionandheat-transfermodelswereconstructed
ofSAE1020carbonsteelandthetemperature-recoverymodelwasconstructed

B
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byelectroplatingnickelonamandrel.
transfermodelswerecarefullymeasured
withsilversolder.

Thelargetemperature-distribution
eter,10.~ inchesinlength,md varied

7

Thedimensionsoftheheat-
beforethepsrtswereassembled

modelwas3.025inchesindiam-
from0.098inchto0.101inchin

wallthiclmess.Itcontatied25thermocouples,silversolderedintoholes
h themodelskinsothattheireffectivemeasuringjunctionswerelocated
onthetiersurface.~se thermocoupleswereofNO.36gagechromel
alumelwireandwerearrangedh a spiralofonerevolutionontie
hemisphereandoftworevolutionsonthecylinder.Tenofthesether-
mocoupleswerelocatedonthehemisphere,fourteenwereonthecylbder,
andonewasonthesphere-cylinderjunctureas-givenh figure1.

Thepressure-distributionmodelwas3.000inchesindiamet=,
10.5inchesinlength,and0.10inchh wallthicknessandcontained
16pressureorificeslocatedasshownh figure1. Twooftheorifices
werelocatedon.thebaseofthemodel.TheorificeswereO.Ok-Oinchh
diameterandwerearrangedina spiralofonerevolutionaboutthesphere
inordertoreduceanyortiice-titerferenceeffect.Theorificesonthe
cylhiierwerealsoarrangedh a sptralofonerevolution.

Thesmall.temperature-distributionmodelwas1.170inchesindiam-
eter,5.32inchesinlength,andvariedfrom0.030inchto0.035tnchin
wallthickness.Teqeraturemeasurementsonthismodelweretakenfrom
eightchromelalumelthermocouplesofNo.30gagewire,fiveofthese
beinglocatedatstationsfromthestagnationpointtothesphere-cylinder
juncture.

Thetemperature-recoverymodelconstructedofelectroplatednickel
was2.000inchesindismeter,5.00inchesinlength,and0.005inchthick.
Temperaturemeasurementsweretakenfrom14chromelalumelthermocouples
ofNo.30gagewire.

ANALYSIS

HeatTransfertoModel

Thelocalrateofheatflowtitothemodel

—

was calculatedfromthe
localtemperaturesasa functionoftimesziiposition.Thegeneralheat-
coniluctionequation(ref.10)ina homogeneousmaterialis

?lT-&$T
s- Pmcm

--

(1)

. ——-— —-———. ——-
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b sphericalcoordinatesthisequationbecomes:

aT
[()

%llar2aT+
()

aT 1a2T.=— . .
aT pmcm ~2ar .2ie$stie=+~2sLe2

(2)

Sincethemciielshellisrelativelythinwithrespecttoitsother
dimensions,itisassmedthatthefirstandsecondderivativesof T
withrespectto 0 and g,aswellastheffistderivativeof T with
respectto T, are Mependentof r. Egyation(2)maythenbeintegrated

~-O attheoncewithrespectto r,usingtheboundarycondition~ -
“’- $$ to obtain

innersurfacewherer =rti,andtha w besolvedfor
the following:

mptim (3) maythenbe eval=t~ at fie o~er s@ace wherer = rS

and at zero angle ofattacksothat T isindependentof ~;this
evaluationgivesthefol.lowin$:

Howeveratthesurface,

Therefore,

(4)

(5)

(6)

An~tion oftheaboveeqpationdisclosesthatthefirstterm
ontherightrepresentsqi~tielocalnetheatstoragew~ch WO~dbe

‘-.

“

.
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realizedina shellelementU theconductionwerezero.Theterm

~s33~~ti3) ( r~), wtie shellthickness,soisapproximatelyrs -

thatinthelimitas t+ 0,tie qi termbecomestieS= aS*t US~
fora flatplate.Thesecondtermontherightrepresentsthelocalnet
heatconductedalongthemodelshell.

andstations,thevaluesof aT~ fortheheat-stmagetermweretaken

fromfstied curves of temperate plottedagainsttime.Thevaluesof

$+ti e J
~ fortieco~uctiont- were foa graphicallybyt&@

slopesoffatiedcurves.

Inordertogivea comparisonoftherelativesizeoftheheat-
storageandconductiontermsforthetestsusingthe3.025-inch-dismeter
heat-transfermodel,Wical ~ and qi valuesareplottedinfigure3
fora timeearlyintherunandfora timelateintherun. Thedifference
betweenthesecurvesqs- qi isthevalueoftheconductionterm.It
isseenthat,at5 secondsfromthestart‘oftherun,theconductionterm
isonly20percentof qs forthestationatthestagnationpoint;but,
nesrthe@ oftherun,theconductiontermisabout70apercehtof qs
atthessmestation.

Thelocalheat-transfe.coefficientsweredeterminedfromthestandard
heat-flowequationforconvection,qs=h(T.- ~). Thequantities~
and h wereassumedconstantfora givensetoftestconditions,and h
wasdeterminedfromtheslopeofthestrai@t-hevariationof qs
plottedagatistTs asisshownh figurek. Inthepresenttests,
thereweresomevariationsh thetestconditionsduringa run. The
sta~tiontemperaturesometimesvaried20°,andthepressurevaried
nearly5percentinthelowestpressurerun. Jnorderto~orrect
partiallyforthevariationinstagnationtemperature,thevaluesof
qJTt werefatiedthrougha calculatedvalueof Tr/Tt. Therecovery
%peratureratiosusedinthefairingforthedeterminationof h were
obtainedfromtherecoveryfactorsfora flatplategivenbyVanDriest
(ref.11)byuS- thelocalflowconditionsattheoutsideedgeofthe
boundary

The
oferror

layer.

Errors

presentheat-transfertestswereaffectedbyfoursmallsources
whichwereofuncertsiinmagnitudeandwerenotdirectly

----- .- .- ———. ——. - — .- .—— -- . .-. — .—— - .— - . . . ..
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incorporatedh theconqyrbations.Onesourcewastheheatlossfromthe
modelbyradiation,andsnotherwastheheatloss~ conductimdownthe “
thermocouplewire.ThethirdwastheAssumptionthatthedifferencein
temperaturedistributionbetweentheoutsideandthetisidesurfacesof’
themcdelwasnegligible.Thefourthsourceoferroristheassumption “
thattheheat-transfercoefficientistadependentofthetemperature
level.Theerrorassociatedwithradiationwasestimatedtobeabout
3 percentofthevalueof q atthehi@esttemperaturecondition.The
errorassociatedwithheatflowdownthethermocouple~ wasnotesti-
mateddirectlybutwasassumedtobe small,especiallyonthelarge
heat-lransfermcdelwherethethiclmessofthemodelwas0.10inchand
thediameterofthethermocoupleWe was0.005inch.Thetemperature
differencebetweentheoutsideandtheinsideskinsurfacewaslessthan
10°F atthesxtion pointimmediatelyafterthestsrtofa runat
Pt.= 31 atmospheres.Thistemperaturedifferencerepresentedanerror
oflessthan0.01inthedeterdnationof Tsl%. Itwasnoticed,how-
ever,thateachoftheftistthreeerrorstendedtoreducethecalculated
valueoftheheat-transfercoefficient,sothatthefinalresultsofthis
dataanalysismi@t tend.tobeslightlylowwhencomparedwiththeory.
Fortheassmptionthattheheat-tiansfercoefficientisindependentof
thetemperaturelevel,themsxtiumvariationtiwalltemperatureoccurred
atthestagnationpetitandherethewalltemperaturevariedfrom180°F
to50° F. BythetheoryofReshotkoandCohen(ref.12)a variation
inwalltemperatureofthismagnitudewouldresultina deviationof
onlyl+ percentfromthemeenvalueof Mh/@e atthestagnationpoint. .

RESU15EANDDISCUSSION

X&essureDistribution

Thelongitudinalpressuredistributionsforthehemisphere-cylinder
atzerolti?tarepresentedtifigure5 forReynoldsnumbersof0.71X 105
and1.42x 106basedondiameterandconditionsbehind.thenormalshock.
Thesepressuredistributionsare~esmted.asa ratiooflocalpressure
coefficienttothepressurecoefficientatthestagnationpoint.This
pressuredistributionhasbeencomparedwiththeNewtoniantheoryfrom
reference13,thedataofStineandWanlass(ref.3)at M = 1.g7and
3.80,W the** ofOliver(ref.14)at M = 5.8. Itwillbenoted
that,atMachnumbersabove3.80,thepressure-co~icientdistribution
curvesasymptoticallyapproacha singlecurve,andthelocalMachnunber
distributiononthehemispherebecomesindependentofthefree-stream
Machnumber.Thiswaspotntedouth reference3 andish accordance
withthehypersonicsimilarityparameter(ref.15)whichpredictsthat

m

theflowpatternaboutanarbitrarybodywillbecomestationaryasMach
numberticreases;fm a bluntbody,thistendencyoccursata lowerMach -
numberthanthatfora slenderbody.
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Iuthisreport,theIsentropic-flowrelationsbetweenthepressures
measuredatthestagnationpointandthelocalsurfacepressuresmeasured
atsubsequentstationswereusedtocalculatelocalflowconditionsjust
outsidetheboundarylayer.Thevalidi*ofthismethodwasinvestigated
bytheuseofpitotsurveysoftheboundarylqyer.~ figure6,the
pitotprofilesarepresentedforthehemisphere-cylinderjuncture,a
stationmidwayalongthecylinder,anda station1/8inchb frontofthe
baseofthecylinder.Theseprofilesarecharacteristicoflsminar
profilesandWicate thattheboundarylayerremainslsmbM&overthe
wholebody.Thepointwherethepitotprofilesbreakawayfromthe
characteristicboundsry-l~erprofilecorrespondscloselytothepitot
ratioobtatiedbyushg thestaticsurfacepressurefromtiepressure
modelandtheisentropic-flowrelations(ref.16)fromthestagnation
pointtothesurveystations.Thus,the~essuresfromthebodysurfaces
aresufficientthroughtheuseofisentropic-flowrelationstoobtain
localflowconditionsoutsidethebound@ylqyerforstationatleastw
to ; =4.8. Infigures7 and8,thelocalMachnuniberandtanperature

ratioarepresentdascomputedinthismanner.Itwillbenotedthat
thecurvesexhibita slightchamgefordifferentReynoldsnumberwhich
wasduetoa changeincalibratedtunnelmh numberatdifferentpressure
levels. .

LambaxRecoveryFactor

Thecalculatedvaluesoftheratio!I&/~Andofthelsdnsr
recoveryfactorareshowninfigure9. Therecoveryfactorswerecal-
culatedbya methodofVanDriest(ref.U) ~ m ~r=~1. These

valuesarecomparedwithdatafromtherecovery-temperaturemodel.
lucludedaretherecoverytemperatureratiosandtherecoveryfactors
calculatedfromtheuncorrectedrecoverytemperaturesorequilibrium-
temperatures,andalsofromtherecoverytemperaturescorrectedfor
conductionandradiation.

TheI.s@narrecoveryfactorwasalsocalculatedflwm qr=~,
wheretheRrandtlnumberwascalculatedfortheaverageofthetotaland
thelocalstresmtemperatureaswassuggestedbyStineandWanlass
(ref.3). Theresultsofthiscalculationagreedcloselywiththose
fromthemethodofVanDriestad werenotincludedinfigure9.

The eqerimental valuesof TJ% werecorrectedforconductionand
radiationbyftrstcalculatingthelocalheatflow&to themodelat equi-
libriumtemperatureandthenbyusingthisvalueof qs to?btaina value. .
of ~,Tt toplotontherespectivecurvesof qs/TtagainstT/Tt.h

.-_. —..__ .—. —— . ... ___ -. —.. -—. —.... .. -. -.-— -.. .— — __ ._..——. -— - -------
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obtainedsufficientlynearthe l!/~ axistoenable
heat-trsnsfer-modeldatato ~/Tt= O. Thevalue “

Kl#%obtainedlzYthismethodwastherecoverytemperaturecorrected
radiationendconduction. .

Thelocalheatflow ~ titothemodelatequilibriumtemperatures
calculated.byusingthefollowingequation:

(7)

firsttermontherightrepresentstheheatflowintothemodelas
foundbyeqyation(6)fora modelinequilibrium,thatis, ~=o. me

secondtermontherightrepresentstheheatflowtitothemodelwhich
islostbyradiation.Ina slightlydifferatnotationthisrelationis
showninreference17. Thetemperatureofthesurroundings!l!awas
assumedtobeconstantat140°F’overtheentirehemisphere.

b ordertoapplyequation7,m estimatedftheemissivi~mustbe
made.Thisestimatedependsuponthesurfaceconditionofthematerial
aswellasthekdndofmaterial.anditstemperature.Atthestartof
thetest- themodelhada polishedsurface,butafterthetestingthe .
surfaceofthehemispherehadbecomeslightlyroughened.Thisroughness
wasgreatestatthestagwrbionpointandwasslightatthesph~e-cylinder
juncture.Becauseoftheuncertahrtyinthevalueoftheemissivityat
theelevatedtemperaturesofthesetests,itwasassumedtobeconstant
(0.15)overallthemodel.Itwasfeltthatthisestimatedvalueof
emissivi~wasnotinerrorbymorethanti.~.

whenthecorrectedvaluesoftemperatureratio~/T. arecompared
withthevaluesobtainedfromthetwotheories,the~erimentaldata
doesnotdecisivelyselecteithertheory.SincetheVanDriestmethod
consid~sa 10CSIMachnumbereffectontherecoverytemperatureratio,
thevaluesof !!+/Toobtainedbythemethodwereusedh thereduction
oftheheat-trsmskerdata.

TemperatureDistribution

Surface-temperaturedistributionsobtainedforvsmioustimesduring
a ~ical runontheheat-transfermodelare~esentedh figure10. At “.
thenosetheaveragevalueofthetemperaturewasabout7000R andonthe
cylinderabout6000R givtngvaluesof TsT. ofa~roximately7 and6, ./respectively.

———- . .._ __ ——. —------- ___ .—
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Heat.WansferPsrsmetersNu/@e

“

.

Thelocal.lsminarheat-transferparsmeterwascalculatedonthe
basisoftwudifferentcharacteristiclengths.Foronepsrameter
Nux/~%, thecharacteristiclengthwasthedistancex alongthebody
generatorfromthestagnationpoint.Theah-flowpropertiesusedin
thispsrsmeterwerethelocalflowconditionsjustoutsidetheboundary
layer. Thevaluesofthispsrsmeterfor M = 6.8 areshgwninfigure11
alongwiththerangeofaqm?iumtaldataat M = 1.97fromreference3.
Theseexperimentalvaluesareco@aredwiththeoriesbys-tineandWanlass
(ref.3),byChapmansadRubesin(ref.18),witha modtiicationofa
theorybySibulldn(ref.7),andwitha theorybyReshotlm@ Cohen
(ref.12).Fortheotherheat-transferparsmeterN~/&~ thediam-
et~ ofthemcdelwasusedasthecharacteristiclength,andtheati-flow
propertiesusedweretakenasthoseimmediatelybehindthenormalshock
inthecenterofthebowwave.Thevaluesofthisparameterfor M = 6.8
aswellastherangeofvaluesfor M = l.~ (ref.3) areshownh fig-
ure12. ThesevaluesaxecomparedwiththetheorybyStineandWanl.ass
andwitha secondmodificationofthetheorybySibulkin.

Thelocalheat-transferparameterNux/@& ascalculatedbythe
theoryofSttieandWanlass,isbaseduponthelocalMachnumberdistri-
butionattheouteredgeoftheboundsrylayeranduponthelocalEraudtl
number.Jhthepresenttests,theFrandtlnumbervariedfromaboti0.68
atthestagnationpetittoaboutO.~ neartheendofthecylinder.A
valueof Pr= 0.70wasusedthroughoutthecalculationofthetheory
ofStineandWanlass.Thiscausedanestimatedmaximumdeviationfrom
themeanheat-transferpsrsmeterofonly2percent.

TntheStinesndWanlasstheory,theassumptionismadethatthe
differencebetweentheactualwalltemperatureandtheinsulatedwall
temperatureissmall.b thepresenttests,thistemperaturedifference
variedfromabout100°F toabout5CX1°F. An 6xaminationoffigureU.
disclosesthatthedatapointshavea tendencytofallbelowthetheory.
Thisdifferencemaybedueinparttotheratherlargetemperaturedif-
ference.Thereasonableagreementofthedatawiththetheory,however,
showsthatthetheoryofStineandWanlass~ beusedwithgoodresults
evenwhentheinsulatedwalltemperatureandtheactualwalltemperature
areqtiteclifferent.

IhcompsrhgthetheoreticalresultsofStineandWanlassat M = 6.8
andat M= 1.~, a slightdiscrepancyappearsinthata disconthmi@
occurredatthehemisphere-cyltierjuncture(x/b= 1.00)for M = 6.8
andnotat M = 1.g7.~is discontinui~canbetracedtoa Mf’ference
inlocalIkchnumberdistributionsobtainedfromthetwoinvestigations.
Jnthisinvestigation,thepressuredistributionhasanalnmptchsngein
slopeatthejuncture(froma highpressuregradienttoa verylowpres-
suregradient)whichgivesa shrElarchangeh thelocalMachnumber
gradient(fig.7). ~ reference3,nosuchchangewasnotedinthe

---- --- —---- -— —. — 1 -————-—--———
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pressuredistribution,andthusthelocal.Machnuuibergradienthada
gradualchangeatthejunctureresultingina conttiuouscurveforthe
localheat-transferparemeterbasedon x.

*
Theoretically,a discontinuous

pressuregradientispredictedatthejuncture.
.

AlthoughtheuseofthetheoryofStAneandWanlassleadstothe
calculationofthelocalheat-imansferparameter~1 ~+, thep~sm-
eter~D/&~ msybecalculatedfromthepersmeterbasedon x,when
thefree-stresmMachnumber,thelocalMachnumberonthemcdel,andthe
stagnationtemperatureareknown.Whentheexperimentalandtheoretical
valuesoftheparameterWI ~x inreference3 wereconverted.to

/
N% ~, a stagnationtemperatureof52@ R wasassumed.

ThetheoryofChapmanad Rubesti(ref.18)isa methodofobtain@g
thevaluesofthelocalheat-transferpsrsmeterfora flatplate.The
air-flow~opertiesusedwerethoseattheouteredgeoftheboundsry
layer. Thedistancealongthebodygeneratorwastakenastheflat-plate
distsmcefromthelesd@gedge.Thistheorydependsdirectlyuponthe
atitemperatureattheouteredgeoftheboundarylayeranduponthe
surfacetemperatureandisnotdirectlya function& theMachnumber.
Thetheoryevaluationat M = 1.97 isthatshowninreference3.

h reference7, SibulJsinsuggestedapplyinghisincompressible
solutionforstationsnearthestagnationpetitofa spheretothenose
ofa bluntbodymovingatsupersonicspeedsbyusingasfree-stream
conditionsthosebehindthecenterofthebowwave.Sincethevelocity
gradientatthenosewouldnotbeexpectedtobethesameasinincom-
pressibleflow,SibuUdn’segyationshouldbeusedbeforetheincom-
pressiblevelocitygradientaroundthesphereisincorporated,which
gives

()= ~ 765no.4L&0.5N% . v (8)

Therelationwasderivedwiththeassmptionofincommessibleflow,but
theauthorsuggeststhatthetheory
stagnationpointofa bluntbodyin

IIUW-bevalidfor‘tieflownearhe
a supersonicstresm.

Equation(8)maybewrittenas

NUT

T%=./@
hL
-E

VP
().-O~63Ro.4& 0.5. u (9) “
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thechs2acteristiclewthis x andthef10WVelocitwa Otier
physical.conditionsofthe& areevaluatedattheouteredgeofthe
boundarylayer,thefirstmodtiicationofSibuUin’stheoryisobtained.
Thisa~earsasfollows:

0.4= 0.763B (lo)

Thetheoreticalheat-transferparameterevaluatedinthismannerisa
functiononlyoftheI?rand.tlnumber.

Whenthecharacteristiclengthis D sadtheflowveloci~andother
physicalpropertiesoftheah areevaluatedimmediatelybehindthenormal
shock,equation(9)becomes

(U)

ThisequationisthesecondmodificationofSibulkdn’stheoryusedh
thisreport.Thetheoreticalheat-transferparameterevaluatedinthis
msnuerisa functionofthePrandtlnumberandof ~.

u=

h figureU(a),thevaluesof ~~ua arePlottedagainstx/n
onthehemisphere.Thesecurvesshow&t ~ isconstantnearthe
sta~tionpointata givenMachnumber.Infigure13(b),experimental.
valuesof jlD/uufromseveralreferences,aswellascurvescomputedby
usingmodtiiedNewtonifiandincompressibleflowtheories,axeplotted
againstMachnumber.~is curveshowsthat ~D/uUisa functionof

. Machnumber.Therefae,N~/&~, asfoundbySibullcln’stheorynesr
thestagnationpoint,isa func-tionofMachnumber.

.

.- .——-. -—— -.— ——. — —— —. .— —. ——— -— ———- —- -—.
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WhentheNewtonismtheorywasusedtafind ~D/ua,theNewtonian
pressurecoefficientasshowninfigure5 wasusedtodeterminethe
~essuredistributionaroundthenoseofthehemisphere.Thecorrect.
~essurecoefficientatthestagnationpointtobeusedwitheachMach
numberwasfouudfromnormal-shock-flowrelations(ref.16).The
isentropic-flowrelationsbetweenthepressureatthestagnationpoint
andthesurface~essurescomputedforsubsequentstationswereusedto
calculatethelocalflowconditionsjustoutsidetheboundary~er.
Thisisthesameprocedurethatwasusedtocalculatethelocalflow
conditionsfromthemeasuredpressures.

InfigureILitisseenthatthedatahdicatesa valueatthestag-
nationpointabout10percentbelowthevalueof N~/~+ asfoundby
Sibulkin‘S method. Ih thisfigureitisseenthatthedatafromtests
attwoUfferentWch nmbem, M = 1.W and M = 6.8,agreewithtithe
scatterofthedata.Jhfigure12,itisseenthatthedataatthefree+
siream~ch numbersof1.~ and6.8tiicatevalueswhich,withtithe
scatter,areconsistentwiththepredictionsof N~l~~ bySibullclm‘S
methcd. It is important to note,how&r, thatthevariationof j3D/ua
withthefree-stresmMachnwbermustbetakenintoaccountandthatthe
predictionof ~ bythepotentialtheory~ not%e usedfora hemi-
qhericalnosesubjettedtosupersonic

. h3cal Stanton
.

f low. a

Nuuiber ,

lhfigure14thelocalStantonnmberisplottedagahstthelocal
Reynoldsnumber.Thedatapresented~ludes pointsfrom e = 50 to
e =450 onthehemispheresurface.

Byassumingthatthevelocityandtemperatureboundary-lsyerprofiles
weresimilarandofparabolicshape,Sibulkin(presentedinref.2)derived
anapproximatesolutionfor ~ overtheentirehemisphereforincan-
pressibleflowwhich,whentrsnsformedforthelocalconditionsoutside
theboundsrylayeranddistancefromthestagnationpoint,becmes

Nu= ()k(e)x$
0.5R0.4

(12)

wherek(e) isa proportlonaliiqyfuuctionwhichdependsontheangular
positionofthepointunderconsiderationmeasuredfromtheaxisofflow
-eti ● .,

lY ~ isassmedconstant(avalidassmptionfor e upto45°in
thesetests,seefig.13), the eqyationreducesto .

.—= . . .. ___ . . . . ___ _..
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fromreference6 it
sta~tionpointby
nearthestagnation

I?u= k(0)Re
o.5R0.4

17

0.3)

maybe seen that k(e)msybeapprox=tednearthe
thevalueof0.763,andthelocalStantonnumber
pointbecomes

st=&

=O. 763Re
-0.5R-0.6 (14)

ForthiseqpationtogivethecorrectStantonnmberaroundthehemisphere
surface,du/dxor j3 mustbeconstantand k(e) shouldnotdepsrt
radicallyfromthevalueof0.763.

Tnfigure14theheat-transferdatahasbeencomparedwithSibulkin’s
stagnation-pointsolutionshowninequation(14).As seenfromfig-
ure1.3(a),~ canbeconsideredconstantw tovaluesof Elgreater

-450 (;‘ ‘*4)●

InfigureU.anindicationofthevariationof
k(e)may‘beobts&d fromthedecreaseoftheheat-transferpsrsmet~
fromtheconstantstagnation-pointvalueas x isincreased.lhdeed,
eventhedifferenceinlevelwhichisobservedbetweenthestagnation-
poiutcurveandthedatainfigure14mayalsobedetectedinfigure11.
Sibulkin’sstagnation-petitvalueisapproximately9percentabovethe
dataatthenoseandabout15percentabovethedataatthe45°station.
Above45°, k(e)divergesrapidlyand ~ beginstodiverge.Inasmuchas
thedataabove450donotcorrelate,theyarenotpresentedinfigure14.

AverageHeat-TransferCoefficient

Theaverageheat-transfercoefficientdeterminedqerti=tallyfi
thisinvestigationandW StaiderandNielseninreference4 arepresented
infigure15. ThedatafromStaiderandNielsensrethosefor
M= 0.12to0.17,M = 1.75,snd M = 2.67.Alsoincludedinfigure15
are~erimentalpointsfoundbyantitegratiaofexperimentaldataby
StineandWanlass(ref.3)at M = l.~. Thedatahasbeencomparedwith
valuesfouudbyusm thetheoryofSttieandWaulassat M = 1.97and
M = 6.8 W ‘withthe~IncompressibletheoryofSibulkinusedbyKorobkin
(ref.2). Korobkhadjustedthelattersoltiiontopassthroughthe
stagnationpetitforincompressibleflow(ref.7).

... ...—. ..- ——.—- -— —— .—. .— ..—. —--— -— . — ----
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ThedatafromStaiderandNielsa(ref.1+)forMachnumbersbelow
2.67appeartocorrelatewiththeadjustedincompressibletheory.The

,-#

dataofreference4 wereevaluatedjhowever,ina d~erentmannerfrom
thedataofthispaper.b thepresentpaperthelocalvaluesofthe
heat-trsnsfercoefficientwerecalculatedfromthelocalheatconvection

.

andthelocalrecoverytemperature.Thentheselocalvaluesof h were
inte~atedovertheareaof the hemispheretofM theaveragevalue.
Inreference4 theaverageheat-transfercoefficientswereevaluatedby
measuringthetotalheatconvectiontothehemisphereandan “effective”
averagerecoverytemperaturefound~ anextrapolationtozeronetheat
transfertothesurface.Thedifferentresultsasfoundbythetwo
methodssrese= infigure15.

TheintegrateddatafromStineandWanlassandthedatafromthis
investigationshowa goodcorrelationatMachnumbersof1.X @ 6.80
andReynoldsnumbersfrom0.002x 106to2.28x 106.

SchlierenObservations

ThenormalshockandbodyboundaryQwxrareshownh theschlieren
photographs(ftg.16)fora shgle-passanddouble-passschlierensystem.
Therelativelynonsensitivesingle-passsystemclearlyshowsthenormal ●

shockwhilethesensitivedouble-passsystemwasusedtoshowthatthe
boq layeriS laminsr on thesurfaceofthecylinder.Thetwoflow
photographsappeartoshowadditionaldisturbancesaboutthree-fifthsof “
thedistancealongthecylinderfromthehemisphere-cylinderjuncture.
Thesedisturbancesresultfromtheintersectionofthebowshockwave
ailtheboundary~er atthewindows.T4eheatingeffectwasgreat
enoughsothata similarpictureofthisregionwasobtainedhumediately
aftera run,asshowninthepost-runzeropictureforthedouble-pass
system.

COiK!LUSIONS

A progrsmtotivestigatetheaerodynamicheattransferofa
nonisothemalhemisphere-cylinderhasbeenconductedintheLangley
U-inchhypersonictunnelataMachnumberof6.8anda Reynoldsnumber
fromapproximately1.09x 10 to1.03X lW basedondismeterand.free-
streamconditions.Tnthisinvestigationtheboq layerwaslshubmr
havingaveragevaluesof Tsll& atthenoseofabout7 andabout6 on
thecylhder(whereTs isthelocalfree-streamtemperaturejustoutside
theboundarylsyerand T. isthefree-streamtemperatureaheadofthe s
normalshock).Thedatahavebeencorrelatedwiththeoreticalanalyses
andresultsofotherexperhmmtsatlowerkch nwnbers.Thefollowing
resultswereobtained: .
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1. Theexperimentalheat-trsnsfercoefficients
gationona nonisothemal(constantwallthickness)
withheatflowingtothesurfacewereslightlyless

19

fromthis tivesti-
hemisphere-cylinder
over-thewholebcdy

thanthosepredictedbythetheoryofStineandW*ss (WA Technical
Note3344)foranisothermalsurface.

2.A mcdtiicationofSibulkin’sstagnationpointsolutiongavethe
trendofthelocalStantonnumberwithlocalReynoldsnmberforangles
upto450fromthestagnationpoint.Thecalculatedvalues~however,
wereapproximately12percenthigherthantheexperimentalvalues.

3. Pitotprofilestakenata Machnumberof6.8ona hemisphere--
cylinderhaveverifiedthatthelocalMachnumberorvelocityoutside
thebouudarylsyerrequh?eil.intheuseofthetheories~ becomputed
fromthesurfacepressuresbyus- isentropicflowrelationsandcondi-
tionsbehinda normalshock.Theexperhmrtalpressuredistributionat
a l&chnumberof6.8iscloselypredictedbythemodifiedNewtonian
theory.ThevelociwgradientscalculatedbyusingmdifiedNewtonian
theoryatthestagnationpointvarywithMachnumberandareh good
agreementwiththoseobtainedfrommeasuredpressuresforWch nmnbers
from1.2to6.8.

4. Atthestagnationpoint,a secondmodtiicationofthetheory
bySibulkinwingthediameterandconditionsb- thenormalshock
wasingoodagreementwiththeagywimentwhenthevelocimgradientat
thestagnationpointappropriatetothefree-stieamMachnumberwasused.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Va.,March21.,1956

.. . . . . _.. .—._____ ____ _____ -- -.— —.— —- ..-. .——. —-.
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(a)Nondimensionallocal flowvelocityalmgthesurface.
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Figure13.-Nondimensionalflowparameteronthehemisphereoutsidethe
boundarylayer.
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